Evidence is mounting in support of the inoculum effect (i.e., slow killing at large initial inocula [CFUo]) for numerous antimicrobials against a variety of pathogens. Our objectives were to (i) determine the impact of the CFUo of Pseudomonas aeruginosa on ceftazidime activity and (ii) to develop and validate a pharmacokinetic/ pharmacodynamic (PKPD) mathematical model accommodating a range of CFUo. Time-kill experiments using ceftazidime at seven concentrations up to 128 mg/liter (MIC, 2 mg/liter) were performed in duplicate against P. aeruginosa PAO1 at five CFUo from 10 5 to 10 9 CFU/ml. Samples were collected over 24 h and fit by candidate models in NONMEM VI and S-ADAPT 1.55 (all data were comodeled). External model qualification integrated data from eight previously published studies. Ceftazidime displayed approximately 3 to 4 log 10 CFU/ml net killing at 10 6.2 CFUo and concentrations of 4 mg/liter (or higher), less than 1.6 log 10 CFU/ml killing at 10
Pseudomonas aeruginosa is an opportunistic, gram-negative pathogen responsible for high morbidity and mortality (19) . P. aeruginosa has multiple mechanisms of resistance to antibiotics, including efflux pumps, the enzymatic degradation of antibiotics by, e.g., beta-lactamases, and target structure alteration (19, 25, 45) . Due to its remarkable ability to resist killing by antibiotics (45) , many P. aeruginosa isolates from nosocomial infections are multidrug resistant. The proportion of ceftazidime-resistant P. aeruginosa isolates from intensive care units increased from approximately 14% in 1997 to 24% in 2003 in the United States (23) .
Infections with a high bacterial density at the initiation of antibiotic therapy may present a therapeutic problem, including a higher risk for the emergence of resistance due to the larger number of bacteria present and the higher probability of having at least one resistant bacterial cell within a large initial inoculum (CFUo) (32) . The probability of the emergence of resistance may be substantially increased at high CFUo, as the amplification of resistant subpopulations has been demonstrated to occur secondarily to low-intensity antimicrobial exposure (60) . The inoculum effect was first described by Kirby (34) in vitro for penicillin activity against staphylococci. Subsequently, many studies assessed the effect of CFUo on the MIC (6, 16). Mouton et al. (47, 48) derived the relationship between MIC and CFUo if the growth rate and maximal killing rate constant are independent of the CFUo. This effect of the CFUo on the MIC needs to be distinguished from the inoculum effect in our time-kill study, since we assessed the effect of the CFUo on the rate of bacterial killing. Importantly, high CFUo are associated with increased mortality and attenuate antibiotic effects in animal infection models (6, 20, 57) .
Potential mechanistic explanations for the inoculum effect of beta-lactams include the breakdown of beta-lactams by beta-lactamases, cell-to-cell communication, and the differential expression of penicillin-binding proteins (PBPs) at a high bacterial density (14, 57) . In P. aeruginosa, cell-to-cell communication is known to be mediated by the release of freely diffusible signal molecules such as two N-acylhomoserine lactones and the Pseudomonas quinolone signal molecule (2-heptyl-3-hydroxy-4-quinolone) (29, 54) . High concentrations of the N-butyryl-L-homoserine lactone signal molecule induce the expression of MexAB-OprM in P. aeruginosa (40, 53) , for which ceftazidime is a substrate (5, 19, 41) , and the mexAB-oprM operon has its highest expression during the mid-stationary-growth phase (40) . These signal molecules are known to affect the expression of several hundred genes in P. aeruginosa (54) .
Mathematical models that can describe a slower bacterial killing rate at high CFUo have not been published. A pharmacokinetic/pharmacodynamic (PKPD) model that can describe the inoculum effect of P. aeruginosa may support the optimization of dosage regimens and generate hypotheses on how to minimize the emergence of resistance for new and established antibiotics.
The objectives of the current study were to (i) study the effect 
MATERIALS AND METHODS
Bacterial isolates, media, and susceptibility testing. A genetically characterized, clinical isolate of P. aeruginosa, PAO1, obtained from the R. E. W. Hancock Laboratory at the University of British Columbia, Vancouver, Canada, was used for all experiments (58) . Luria-Bertani (LB) broth (Difco Laboratories, Detroit, MI) growth medium was supplemented with calcium (25 mg/liter) and magnesium (12.5 mg/liter). This medium was used for MIC determination, time-kill experiments, and preparing antibiotic stock solutions. LB agar (Difco Laboratories, Detroit, MI) was used for growing fresh bacteria. Ceftazidime was obtained from Sigma-Aldrich, St. Louis, MO. A fresh stock solution was prepared in the morning of each experimental run by dissolving ceftazidime in LB broth. The MIC was determined by broth microdilution in 96-well plates by following Clinical Laboratory Standards Institute guidelines (12) .
Time-kill experiments. P. aeruginosa PAO1 time-kill experiments were performed at CFUo of 10 6 , 10 7 , and 10 8 CFU/ml using a previously described methodology (65) . Additionally, CFUo of 10 5 and 10 9 CFU/ml were studied for external model qualification (see below). Ceftazidime concentrations ranged from 0 to 128 mg/liter (0 to 64 times the MIC). Briefly, fresh bacterial colonies of PAO1 were grown for approximately 18 h for each experiment. Each run contained a growth control. Bacteria were suspended in normal saline, and bacterial concentrations were standardized using a spectrophotometer at 620 nm. An appropriate amount of bacteria was diluted in prewarmed LB broth to achieve the desired CFUo in a final volume of 20 ml LB broth. These suspensions were placed into a water bath with constant shaking at 37°C for approximately 45 min before an appropriate volume of the (diluted) ceftazidime stock solution was added to achieve the desired ceftazidime concentration. For all curves, actual viable counts were determined within less than 10 min before dosing, and growth during this time period was ignored. All experiments were performed in duplicate.
Broth samples were taken immediately before the addition of ceftazidime and at 0.5, 1, 2, 4, 8, and 24 h. As we found no killing from 0 to 8 h for the 10 7 CFUo, samples at 37 and 48 h additionally were obtained for this CFUo. Samples were serially diluted between 10-and 100,000-fold to minimize antibiotic carryover. Colony counts were determined as described by Tsuji et al. (65) .
Descriptive modeling of the inoculum effect. Our initial PD modeling analysis aimed at characterizing the growth and killing of the susceptible population. For this initial analysis, the data points that showed the regrowth of the resistant population were excluded (see below). This descriptive modeling approach used different PD parameter estimates at each CFUo. Bacterial growth was described by a first-order growth rate constant (k g ). A logistic growth model with the maximum population size (CFU max ) was used. The drug was assumed to inhibit growth (model A) by an inhibitory Hill-type model. The IC 50 is the drug concentration inhibiting growth rate by 50%. The maximum extent of inhibition was assumed to be 1, assuming that ceftazidime only inhibits growth and does not stimulate death. At high drug concentrations, the maximum rate constant of bacterial loss is the first-order natural death rate constant k d . This model has been previously described by other authors (11, 15, 26, 44) :
The initial condition (IC) denotes the value of the state variable at time 0 h. For all models describing time-kill experiments, the ceftazidime concentration in broth (C B ) was assumed to degrade with a fixed half-life of 45.9 h according to data from Viaene et al. (69) . To account for lag time prior to the onset of bacterial killing, a biophase model (model B) was used to describe the diffusion of drug from broth to the target site (56) . Model B can describe a slow onset of killing, with the delay becoming shorter at high drug concentrations. Equation 1 also applies to model B when the biophase concentration (C bio ) is used instead of C B to describe the drug effect. The k eq is the equilibration rate constant between the drug concentration in broth and that in the biophase:
Mechanism-based model for lag time of killing.
A new model (model C) was developed that describes the slow onset of bacterial killing as a system property that is independent of drug concentration. The slow onset was assumed to be caused by a delay between ceftazidime binding to PBPs and the depletion of cell wall constituents that are required for bacterial growth (Fig. 1) . Ceftazidime was assumed to inhibit the synthesis of the cell wall (CW) and, thus, inhibit the growth rate:
The synthesis of the cell wall is expressed as a fraction of the baseline value. The IC 50, CW is the drug concentration in broth that inhibits 50% of cell wall synthesis, and k out, CW is the first-order rate constant of the turnover of cell wall constituents. All other parameters are described above. As models A, B, and C were not intended to be used for simulations that include the resistant bacterial population, observations that showed the regrowth of the resistant population were excluded during estimations. These were the observations at 24 h for the 10 6 CFUo and the 37-and 48-h samples for the 10 7 CFUo. As the inoculum effect manifested in our study during the first 8 h, the predominant population that is susceptible at low CFUo showed the inoculum effect. Therefore, the exclusion of data points showing the regrowth of the resistant population seems justifiable to keep model C simple, as model C was intended only to show the mechanism-based model feature of the concentration-independent lag time of killing. Importantly, all observations were included during the fittings of the mechanism-based model described below.
Mechanism-based model for the inoculum effect. (i) Subpopulation model. As most PD parameter estimates changed systematically with CFUo for model C, a mechanism-based model (model D) that can describe the inoculum effect and make predictions for other inocula was developed. This model (Fig. 2) included one genotypically susceptible population (Fig. 2, top) and one genotypically resistant population (Fig. 2, bottom) that share all parameters except the maximum stimulation of autolysin activity (S max ).
(ii) Life cycle model for bacterial replication. For both populations, the bacterial life cycle was simplified to consist of two states. 
In the absence of drug, the replication efficiency factor (Rep) approaches 2, indicating a 100% probability of successful doubling. The sum of all viable bacteria (SR ALL ) and Rep are described by the following equations (R terms denote the resistant population): High signal molecule concentrations (C Sign1 ) were assumed to cause an inoculum effect by stimulating the loss of autolysin activity (maximum stimulation is indicated as S max, loss ):
For this parameterization, the maximum value of ALys S is S max, S , and an S max, S of 1 indicates that successful replication can be completely inhibited at high drug concentrations. The SC 50 is the drug concentration at which the input of autolysin effect is half maximally stimulated. The S max, loss parameter describes the maximum extent of the inoculum effect at high signal molecule concentrations. Freely diffusible signal molecules (54) were assumed to be synthesized and released by all viable bacteria that are included in SR ALL , as shown in the following equations:
To illustrate the inoculum effect, we simulated the probability of successful replication for the susceptible population based on the steady-state solution of equation 9 for a range of CFUo. It was assumed that the signal molecule concentration (C Sig1 ) is at its initial condition, CFUo. The drug effect was described by equation 10. The probability of successful replication equals 1 Ϫ ALys S in equation 5. A probability of 100% indicates that all replication steps are successful (perfect growth), 50% indicates that every second replication (doubling) is successful and results in net stasis, and a probability of 0% indicates that no cells replicate successfully (fastest possible killing).
The concentration of signal molecules in the central compartment C Sig1 was assumed to slow down the rate of bacterial replication as observed by Diggle et al. (18) for the Pseudomonas quinolone signaling molecule. C Sig1 was assumed to equilibrate with C Sig2 . If both signal molecules and drug in broth (C B ) were present, the generation time was assumed to be prolonged by the presence of both:
C Sig, k12 is the effective signal molecule concentration that exceeds C Sig1 due to the presence of drug concentrations. Since C Sig1 and the stimulation term in equation 13 are multiplied, C Sig1 and C B both inhibit the rate of bacterial replication. The differential equations for the genotypically resistant population were the same as that for the susceptible population (the enabling equations are available on request). As only limited data were available on the response of the resistant population, we shared as many parameters as possible between both populations following the rule of parsimony. Models with different MTT 12 , SC 50 , and S max values for both populations (see equations 9 and 10) were considered. The fraction of resistant bacteria (Fr R ) in the CFUo was estimated.
(iv) Internal model qualification. Internal model qualification was performed by case deletion diagnostics and by a leave-one-inoculum-out test. To assess the influence of any combination of ceftazidime concentration and CFUo studied on the parameter estimates, model parameters were reestimated based on datasets that lacked all replicates of each of the 18 combinations of CFUo and drug concentration.
As a challenging method of internal model qualification, all data at one CFUo (except the growth control of the 10 6 CFUo) were deleted from the data set, parameters were reestimated, and the data of the CFUo not used during reestimation were predicted and compared to the observations. This was repeated for all inocula. As the 10 6 CFUo contained unique information about the regrowth of the resistant population, data from a preliminary run with CFUo of 10 5 (and 10 9 ) CFU/ml additionally were included in this leave-one-inoculum-out test.
External model qualification. (i) In-house time-kill data.
A pilot experiment on the inoculum effect of ceftazidime against PAO1 at concentrations of 0 and 128 mg/liter and CFUo of 10 5 , 10 6 , 10 8 , and 10 9 CFU ml Ϫ1 was performed in duplicate. The CFU-versus-time profiles of this experiment were simulated using model D and were compared to the observations. As this pilot experiment included only one high drug concentration, it would not have added much new information to the main data set. However, this pilot study contained four CFUo within and outside the range of CFUo studied in the main experiment and is therefore suitable for an external validation of the model. The data of this pilot study were not used during estimation.
(ii) Literature data on in vitro PD models and time-kill data. Based on a systematic literature search, we included all available in vitro studies of ceftazidime monotherapy against P. aeruginosa strains PAO1 and ATCC 27853 that assessed the time course of bacterial killing. These data comprised eight published studies (1, 2, 9, 28, 43, 46, 49, 55, 61) on these two strains that were used to assess the applicability and translation of model D to more sophisticated in vitro experiments and to assess strain-to-strain differences. Literature data from both in vitro PD models and time-kill experiments were digitized by GetData Graph Digitizer (version 2.23; by S. Fedorov, Russia) and Grab It! XP (Build 10; Datatrend Software, Inc., Raleigh, NC). The average times and log CFU counts from both programs were used.
Data from Henrichfreise et al. (28) on ceftazidime against PAO1 were simulated based on unmodified parameter estimates of model D. In a second step, selected model parameters were reestimated using these data to refine the parameter estimates. (43) on P. aeruginosa ATCC 27853, were used to estimate all model parameters except the rate constants for signal molecules, CFU max , and SC 50 . Different generation times (MTT 12 ) were estimated for these studies, since the growth rate differed considerably between studies. If no filter was used in the in vitro system and no adjustment of the bacterial counts was made as described by Keil and Wiedemann (33) , mathematical equations were adjusted for the washout of bacteria due to the efflux of broth. CFU-versus-time profiles for the ceftazidime containing monotherapy regimens of Cappelletty et al. (9) (61) were simulated and compared to the observations. After this external qualification procedure, model parameters for P. aeruginosa ATCC 27853 were reestimated and reported based on all available data (except the Mouton and den Hollander study).
(iv) Computation. Nonlinear mixed-effects modeling in NONMEM VI (level 1.2; NONMEM Project Group, Icon Development Solutions, Ellicott City, MD) (4) was used. The ADVAN9 differential equation solver was applied for all modeling. The log-both-sides method (10, 51) was used to fit CFU counts, and an additive error model on the log scale was applied. As the variability between each experimental run was very small and curves at the same experimental condition were reproducible, no other variability terms were included in the NONMEM analysis.
Model D additionally was estimated in parallelized S-ADAPT (version 1.55) by a full population PD analysis with between-subject variability on every model parameter to confirm the NONMEM results. This population PD analysis used the importance-sampling Monte-Carlo parametric expectation-maximization method (pmethod ϭ 8 in S-ADAPT) (3) and was implemented on a parallelized computer cluster. WinNonlin Professional (version 5.0; Pharsight Corp., Mountain View, CA) was used for statistical and graphical analysis. 
RESULTS
Time-kill experiments. The MIC of ceftazidime against P. aeruginosa PAO1 was 2.0 mg/liter, which is consistent with other studies (28) . Mechanism-based model for lag time of killing. Since the lag time of killing was independent of drug concentration (Fig. 3A and B), this delay was assumed to be caused by the depletion of cell wall constituents, which are required for bacterial replication. The new proposed model (model C) showed precise and unbiased curve fits for the susceptible population at all three CFUo (Fig. 4A) , and CFUo. Importantly, model C required different parameter estimates at the three inocula, and these estimates varied systematically with the CFUo (Table 1) . Mechanism-based model for the inoculum effect. Although model C explained all features of the data for the three studied inocula, it is difficult to predict the phenotypic tolerance of PAO1 at inocula other than the inocula studied in models A, B, and C. Therefore, a mechanism-based model was developed. Model D (Fig. 2) assumes that all viable bacteria synthesize signal molecules that are freely diffusible. A high signal molecule concentration was assumed to cause a loss of the autolysin effect and to slow the rate of bacterial replication.
Model D could describe all data (including the regrowth of resistant bacteria) for all three CFUo (Fig. 3 and 4B) . Parameter estimates are shown in Table 2 , and the relative standard errors were below 20% for all except two parameters. The estimates from S-ADAPT and NONMEM were well comparable ( Table 2 ), suggesting that the estimated model parameter values were robust. The estimate for EC 50, drug was higher in S-ADAPT, potentially due to the slightly larger estimate for maximum population size in S-ADAPT. 12 improved the objective function by 6.8 (P ϭ 0.0091) compared to model D (Table 2) ; however, the MTT 12 was slightly shorter for the resistant population (25.8 and 30.8 min, respectively). As a faster growth of the resistant population is physiologically implausible, we selected model D with different S max and the same SC 50 and MTT 12 as the final model. Several parameters were fixed to specific values (Table 2 ) to improve the estimation of the remaining model parameters, since our original data set did not contain sufficient information for a sound estimation of all model parameters. The S max, S was estimated as 0.999 and eventually was fixed to 1. We fixed each of these parameters to a range of values and compared the estimates for the remaining parameters and the curve fits. The final choices of fixed estimates provided indistinguishably good curve fits compared to those of models when all parameters were estimated. More importantly, the choice of parameter values did not cause a noticeable change for the other parameter estimates. The only exception is that the estimate for EC 50, drug is conditional on the choice of S max, k12 .
Internal model qualification. Case deletion diagnostics (Table 2) showed narrow ranges of reestimated parameter values for most parameters. The 5 to 95% percentile intervals of 1,000 runs (results not shown) when four combinations of CFUo and drug a Assumed to be very fast (i.e., not rate limiting). b As there is a very limited amount of information on this parameter available in the current data set, the onset of the signal molecule effect was assumed to be very fast according to data from starvation experiments and since cell-to-cell communication is tightly controlled.
c The parameter was estimated to be greater than 48 h. As the sensitivity of bacterial count curves toward this parameter was low, it was fixed to 24 h. d The parameter was fixed to 10, since there was only limited information available in the data set. e The parameter was estimated to be between 0.99 and 1 and therefore was fixed to 1. g The estimate was fixed to zero, since the modeling of the in vitro PD model data on PAO1 and on ATCC 27853 resulted in values very close to zero, suggesting no effect. h The SC 50 was fixed to the estimate for PAO1, since the MIC for both strains was the same and since ceftazidime concentrations for strain ATCC 27853 were almost fivefold higher than the SC 50 , which does not support a precise estimation of SC 50 .
VOL. 53, 2009 INOCULUM EFFECT OF CEFTAZIDIME AGAINST P. AERUGINOSA 51 on October 15, 2017 by guest http://aac.asm.org/ concentration were left out randomly were comparable to the ranges of parameter estimates from the case deletion test (Table 2 ). Figure 4C shows the population predicted and observed CFU counts during the leave-one-inoculum-out test of model D. The data of the 10 8 and 10 9 CFUo and the lag time of killing at all CFUo were predicted very well. There was a minor underprediction of the extent of killing between 24 and 48 h for the 10 7 CFUo. Up to 8 h, CFU counts were very well predicted for the 10 5 and 10 6 CFUo. Slight differences in the extent of regrowth at 24 h between these two low CFUo caused minor mispredictions of the CFU counts at 24 h for these two CFUo. The parameter estimation of model D was robust in all of the reestimation procedures described above.
External model qualification using in-house and literature data. External model qualification based on in-house data (Fig.  4D ) showed that the model could predict CFU-versus-time profiles for CFUo outside the studied range (10 6 to 10 8 CFU/ml). The external qualification based on data of P. aeruginosa PAO1 from Henrichfreise et al. (28) revealed that model D and the parameter estimates shown in Table 2 captured the time course of killing and the regrowth of the total population well, given that this is an extrapolation from a static time-kill experiment to a dynamic in vitro PD model (Fig. 5) .
Predictions for the resistant population qualitatively showed the general trend. However, predictions for the resistant population were biased, since the CFUo of the resistant population was smaller, and since this population grew in the presence of high ceftazidime concentrations between 9 and 16 h with a net growth half-life of approximately 25 min. Parameters that were different between the two types of experiments were identified by reestimation and changes in objective function. The CFUo from the reestimation of parameter values for PAO1 in the one-compartment in vitro PD model was 10 7.56 CFU/ml, and estimates for the other parameters (original estimates) were Ϫ7.33 (Ϫ3.54) for log 10 Fr R , 18.0 min (28.3 min) for MTT 12 , 0 (10, both fixed) for S max, k12 , 0.469 (0.560) for S max, R , and 10 7.96 (10 7.24 ) for C 50, Sig of the resistant population (C 50, Sig for the susceptible population was fixed at 10 7.24 ). All other parameters had the same estimates as those shown in Table 2 . Curve fits after reestimation were unbiased and precise for the total population and were acceptable for the resistant population (Fig. 5) .
Model D could describe the data for strain P. aeruginosa ATCC 27853 from an in vitro PD model and time-kill experiments of six of seven studies very well. For the study by Mouton et al. (46) , in silico mispredictions were observed that improved if the growth half-life was faster (results not shown). These datasets were split into an estimation data set (Fig. 6A ) and a prediction data set (Fig. 6B) . Curve fits for the estimation data set were precise and unbiased (Fig. 6C) with the exception of those from the study by Mouton et al. (46) . More importantly, the model was able to provide unbiased and precise predictions across a range of CFUo and studies for the ATCC 27853 strain. None of the data shown in Fig. 6B were used during the estimation of parameters used to generate this plot. Curve fits after the reestimation of the model parameters based on all data for strain P. aeruginosa ATCC 27853 were more precise for all seven studies (data not shown). Table 2 lists the final parameter values when all data, except for that of the study by Mouton et al. (46) , were used for estimation.
DISCUSSION
This study presents a mechanism-based mathematical model that could describe and predict the growth and killing of P. aeruginosa PAO1 across a wide range of CFUo in vitro. The mathematical model also predicted the time course of the antimicrobial effect of ceftazidime on P. aeruginosa ATCC 27853 across various CFUo from six previously published studies, even though this specific isolate was not studied in our time-kill experiments. The model was extensively qualified by internal and external model qualification procedures.
Our study showed a pronounced decrease in the rate of bacterial killing of P. aeruginosa PAO1 by ceftazidime at a high CFUo. We are not aware of PKPD models that can describe the slower bacterial killing at high CFUo, with the exception of our models for colistin (8) and tobramycin (7) . The inoculum effect has been shown for several antibiotics against various pathogens, including ceftazidime against P. aeruginosa (6, 13, 16, 22, 31, 34, 61) . Most studies assessed the effect of CFUo on the MIC. This type of inoculum effect differs from the inoculum effect in our time-kill study. The current study explored the impact of CFUo on the rate of killing, and the inoculum effect was defined as a lower rate of killing at high CFUo, as this definition also accounts for the time course of bacterial killing. Although the clinical significance of the inoculum effect is unknown, animal infection models have shown for betalactams and other anti-infectives that a high CFUo or the delayed treatment of infections may greatly increase mortality or attenuate antiinfective effects (6, 20, 30, 57) . Lee et al. (35) showed in a murine infection model with Staphylococcus aureus that up to 72-fold-higher vancomycin doses are required to achieve a static effect at the 10 7 CFUo than at the 10 5 CFUo. As one potential reason for the inoculum effect, increased beta-lactamase production at high CFUo may occur due to the increased breakdown of the cell wall fragments of lysed bacteria. Several beta-lactam antibiotics (ceftazidime, ceftriaxone, cefotaxime, and aztreonam) have demonstrated an inoculum effect despite their stability against beta-lactamases (21). The breakdown of ceftazidime by beta-lactamases from P. aeruginosa (31, 50, 59 ) is relatively slow due to a low maximal velocity of hydrolysis.
Another potential reason for the inoculum effect is quorumsensing mechanisms involved in cell-to-cell communication mediated via freely diffusible signal molecules in P. aeruginosa. Stevens et al. (57) proposed that the inoculum effect for betalactams was caused by a gradual decrease in the expression of selected PBPs in Streptococcus pyogenes at later growth phases. Ceftazidime has a high binding affinity to PBP3 and PBP1a for P. aeruginosa PAO1 (17, 52) . The binding of ceftazidime to PBPs causes a disturbance in cell wall synthesis and, ultimately, cell death (17, 24) . Liao and Hancock (38) showed that the expression of PBP3 is downregulated at stationary phase. As ceftazidime causes killing primarily by binding to PBP3, this down-regulation may be an explanation for the inoculum effect of ceftazidime. Finally, another potential reason for the inoculum effect is that the expression of autolysins changes during growth phases. Li et al. (37) showed that the major autolysin in P. aeruginosa PAO1 is a 26-kDa murein hydrolase whose expression has its peak during the mid-exponential growth phase and declines thereafter.
This study proposes two new mathematical models. For model C (Fig. 1) , the lag time of bacterial killing is determined by the rate of the turnover of cell wall constituents. As this turnover is a system property, the lag time of killing is independent of antibiotic concentration. The delay between the binding of ceftazidime to PBP3 and cellular death is consistent with data from the literature (27, 39, 62, 63) . Previous studies used exponential functions to describe the functional adaptation or lag time of growth or killing (36, 42, 49, 64) . Model C described the growth and killing of the susceptible population at each CFUo well (Fig. 4) and accounts for the lag time of killing better than the biophase model. However, model C required different PD parameter estimates for most parameters at each CFUo that varied systematically and significantly with the CFUo (Table 1) .
Therefore, a mechanism-based model was created that could describe the time course of bacterial growth and killing at all studied concentrations and CFUo very well ( Fig. 3 and 4B) . The model included a susceptible and a genotypically resistant population and a new growth model resembling the cellular life cycle. The latter allows one to separate between the rate of bacterial replication (determined by the mean generation time [MTT 12 ϭ 1/k 12 ]) and the efficiency of replication (i.e., the probability of successful doubling). This model is more flexible VOL. 53, 2009 INOCULUM EFFECT OF CEFTAZIDIME AGAINST P. AERUGINOSA 53 on October 15, 2017 by guest http://aac.asm.org/ than the logistic (68, 70) or saturable growth model (44) , as the life cycle model allows the drug effect to modify the probability of successful growth, the rate of growth, or both. Stasis, for example, can result either from a 50% probability of successful doubling or from a long generation time. Our estimate for the mean generation time of 28.3 min in LB broth was similar to the median growth half-life of approximately 32 min (equivalent to a mean generation time of 46 min) for P. aeruginosa in vitro based on the studies reviewed by Czock and Keller (15) , given the relatively large variability of growth rates in vitro from different studies in the literature (Fig. 6A) . Ceftazidime was assumed to bind to PBPs, which stimulate the autolysin effect, and the turnover of the autolysin effect caused the lag time of killing (Fig. 2) . For model D, the inoculum effect was caused by signal molecules that are synthesized by all viable bacteria. The rate constant (k S10 ) for synthesis and the loss of signal molecules was fast, producing a rapid onset of the inoculum effect. The S max, loss parameter describes the maximum stimulation of loss of the autolysin effect and therefore characterizes the extent of the inoculum effect at high signal molecule concentrations. Figure 7 illustrates the inoculum effect as an increase in the probability of successful replication for the susceptible population at high CFUo. In our model, this increase is caused by the stimulation of the loss of the autolysin effect at high signal molecule concentrations.
Literature data from starvation experiments (66, 67) in slowand nongrowing pneumococci show that bacteria can rapidly adapt to their environment (within minutes) under amino acid starvation, and that such starvation progressively depletes autolysin. In agreement with these data, the onset of the inoculum effect was estimated to be fast in model D (Table 2) .
Jumbe et al. (32) studied the impact of CFUo on the probability of isolating resistant mutants after 24 h of levofloxacin treatment in mice, and they found that a substantially higher drug exposure was required to suppress resistance at 24 h for the high (10 8 ) CFUo compared to the low (10 7 ) CFUo. The high CFUo exceeded the inverse of the mutation frequency, which caused a high probability of having at least one resistant cell in the initial inoculum, whereas no resistant mutants were found in the drug containing samples for their low CFUo. Therefore, the stochastic process of whether or not the resistant mutants were present in their CFUo caused the inoculum effect of the net killing at 24 h in their study.
This type of inoculum effect also may have been present in our study and was accounted for in our model equations. However, the resistant subpopulation comprised 10 Ϫ3. 54 of CFUo in our study (Table 2) . If the stochastic process described above primarily caused the inoculum effect in our study, one would expect about 3 log 10 net killing during the first 8 h at high ceftazidime concentrations for the 10 7 and 10 8 CFUo in Fig. 3 . However, we found no net killing or slight growth at all ceftazidime concentrations during the first 8 h at these CFUo. Therefore, the inoculum effect in our study was a property of the predominant population that was susceptible to ceftazidime at low CFUo. Our inoculum effect model (model D) described the inoculum effect as a change of the effective killing rate that depends on the signal molecule concentration and therefore on CFUo (Fig. 7) . In contrast, the stochastic process described by Jumbe et al. (32) affects the initial condition of the differential equation for the resistant population, which is a different type of inoculum effect.
Models D and C were robust in case deletion diagnostics (Tables 1 and 2) , and model D also was robust in 1,000 internal cross-validation runs (not performed for model C) based on randomly drawn datasets from a nonparametric bootstrap. The model also yielded reasonably precise and unbiased predictions if all data at one CFUo were left out and bacterial counts were simulated (Fig. 4C) . Model D yielded precise and unbiased predictions when the bacterial counts of a preliminary time-kill experiment were predicted for CFUo of 10 5 to 10 9 CFU/ml (Fig. 4D) . The mispredictions shown in Fig. 4C and D were primarily at 24 h and came from a slight difference in the extent of regrowth for the data at the 10 5 and 10 6 CFUo. Both the case deletion diagnostics and especially the leave-one-inoculum-out procedure (Fig. 4) showed that the model was robust, and parameters were well estimable after leaving out a significant portion of the data set. This suggested that the model is not overparameterized and that the chosen fixed parameter estimates (Table 2) were reasonable. Also, the consistency of the results in NONMEM and S-ADAPT and the low standard errors in both programs suggested that model D was not overparameterized.
The mean generation time was 28.3 min at low signal molecule concentrations, and the SC 50 for the stimulation of the autolysin effect of 0.294 mg/liter was in the range of the IC 50 s of ceftazidime for binding to PBPs in PAO1 (17) (IC 50 s are 0.1 mg/liter for PBP3, 0.2 mg/liter for PBP1a, and 5 mg/liter for PBP1b). As pointed out by Hayes and Orr (27) , these IC 50 s and the estimated SC 50 for the stimulation of the autolysin effect are not identical, since additional steps between PBP binding and cellular death are involved.
Bacterial counts simulated from model D yielded reasonable predictions even before the reestimation of parameters for the data from Henrichfreise et al. (28) . The reestimation of model parameters for this in vitro PD model showed that bacterial replication was faster in this model than in our time-kill experiment, and curve fits were excellent for the total population and reasonable for the resistant population (Fig. 5) . The resistant population FIG. 7 . Probability of successful replication (doubling) as a function of the initial inoculum for a range of constant ceftazidime concentrations (the simulation was based on parameter estimates from NONMEM); a probability of 100% represents perfect growth, 50% represents net stasis due to every second doubling being successful, and 0% represents the fastest possible killing; see Materials and Methods for details.
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on October 15, 2017 by guest http://aac.asm.org/ in the Henrichfreise study was small and might not have been present in the CFUo of our time-kill experiments. An extensive external model qualification based on literature data for another strain, P. aeruginosa ATCC 27853, showed that the model was robust and could be applied to strains other than PAO1. A relatively small estimation data set from the literature was used to reestimate specific model parameters for the ATCC strain (Fig. 6A ). Simulations from model D for other experiments using the ATCC strain revealed an excellent predictive performance of this model across a range in CFUo and different dosage regimens for six of the seven studies (Fig. 6B and C) . This is a challenging method of model qualification, since bacterial counts were predicted in silico without using any of the observations shown in Fig. 6B . In silico predictions for the ATCC strain studied by Mouton and den Hollander (46, 49) showed some bias, since the rate of bacterial killing (approximately 4 log 10 in 3 h for the continuous and intermittent infusions) was notably faster than the net growth rate, and the lag time of killing was short (Fig.  6 ). These mispredictions improved if a faster growth half-life was used. Further studies are required to resolve the causes of these in silico mispredictions.
PD parameters were estimated based on all data (except that of the study by Mouton and den Hollander) shown in Fig. 6 . The generation time of the ATCC strains varied considerably between experiments. The ATCC strain was estimated to show a smaller extent of the inoculum effect, as the S max, loss was 0.630 for the ATCC strain and 1.18 for PAO1. The inoculum effect started at higher CFUo for the ATCC strain, since its C 50, Sig was 2.3-fold higher than that of PAO1. An important feature of model D is that the maximum rate of bacterial death is the same as the maximum rate of growth, which is in agreement with experiments for slow-growing bacteria by Tuomanen (66) . Consequently, this model predicts that the optimal duration of therapy is longer if bacteria turn over more slowly. Further clinical studies are required to assess the optimal duration of therapy.
One potential limitation of our experiment is that ceftazidime concentrations were not measured. Eng et al. (22) found a substantial inoculum effect of ceftazidime in vitro for P. aeruginosa ATCC 27853 but no significant inactivation of ceftazidime at 6 h using a CFUo of 10 7.7 CFU/ml. Degradation is 8% at 18 h and 40% at 48 h. This slow degradation in broth is similar to the degradation half-life of approximately 45.9 h of ceftazidime at 37°C in water, as reported by Viaene et al. (69) . If drug degradation caused the inoculum effect in our study, it would be unusual to observe most of the net killing between 12 and 48 h for the 10 7 CFUo (Fig. 3B) . Henrichfreise et al. (28) studied ceftazidime against P. aeruginosa PAO1 in vitro and found no degradation of ceftazidime. Overall, the degradation of ceftazidime in broth seems unlikely to have caused the inoculum effect in our experiment.
In summary, this study proposed a mechanism-based model that can describe and predict the pronounced inoculum effect of P. aeruginosa PAO1 and P. aeruginosa ATCC 27853 in vitro. This model was robust and yielded accurate predictions in extensive internal and external qualification procedures that included data from eight literature studies of these two strains. This model may be used as the basis for models that account for differential binding to several PBPs for combination therapy with beta-lactams.
These in vitro results suggest that the effects of ceftazidime monotherapy for infections at high CFUo are attenuated due to the inoculum effect. However, more animal and clinical data are needed for the clinical significance of the inoculum effect and its impact on the emergence of resistance.
